Exceptionally severe winter storms that overwhelm local government result in major disaster declarations. Each National Weather Service forecast office in the United States reports winter events for a specific group of counties, known as the county warning area. Such events are reported as blizzard, ice storm, winter storm, heavy snow, or winter weather. They are archived by the National Climatic Data Center and are published in Storm Data, a monthly periodical. Using Storm Data, all winter reports in Oklahoma from 1 November 1999 to 1 May 2010 were compiled into a database. The results of this study demonstrated that while counties in northern Oklahoma received the highest number of winter reports, when compared with climatology winter storm, heavy snow, ice storm, and blizzard storm types yielded an above-average occurrence across much of southwest and central Oklahoma over the study period.
Introduction
While winter weather is a common occurrence throughout many regions of the United States, the impact of significant winter storms (typically classified as snowstorms or ice storms) has yielded an increasing toll on society. For example, more winter storm-related major disaster declarations have been declared over the past decade (1 January 2000-31 December 2010; 122 declarations) than over the previous 47 yr (1 January 1953 -31 December 1999 83 declarations) (FEMA 2011b) .
In terms of overall winter storms, while Changnon (2007) found that from 1949 to 2003 a statistically significant decrease in the number of catastrophic winter storms existed across the United States [i.e., storms with at least $1 million (U.S. dollars) damage], the results of the study also found that a statistically significant upward trend existed in the intensity of the storms measured by monetary costs. Thus, while the frequency of catastrophic winter storms decreased, the overall events incur a greater impact. This study examines high-impact winter storms that occurred across Oklahoma (located in the southern United States) over a 10-yr period spanning 2000-10 to determine the climatological relevance of the events and economic impacts based on federal aid expenditures.
When analyzed on a regional scale, Changnon (2007) found that catastrophic winter storms were most frequent in the northeast United States and least frequent in the western United States. Further, despite a decreasing national trend, Oklahoma experienced a 105% increase in catastrophic storm incidences during the 20-yr period between 1984 and 2003 when compared to the previous 20-yr period from 1964 to 1983. Changnon (2007) also found that, over the same periods, average catastrophic storm losses increased by 291% across the South climate district of the United States (including Oklahoma).
In terms of the regional climatology of snowstorms (defined by accumulations greater than 15.2 cm in 2 days or less) between 1901 and 2001, snowstorm frequency remained constant across southern Oklahoma throughout the entire period, while in northern Oklahoma the snowstorm frequency decreased over the same period (Changnon et al. 2006) . Changnon et al. (2006) also showed that an average of five snowstorms occur every 10 yr in northwest Oklahoma, while one snowstorm occurs every 10 yr in central and southern Oklahoma. The results of the study also noted that over the same 100-yr period, snowstorms were most frequent in Oklahoma during January and February, while Changnon (2006) determined that the 10-yr return period for a snowstorm ranged from more than 20 cm in northwest Oklahoma to slightly more than 15 cm in southeast Oklahoma. In a statewide study, Branick (2011) found that although snowfall events in Oklahoma were most numerous in January, March was the most likely time to experience ''mega snowstorms'' (snowfall totals in excess of 40 cm). One such mega snowstorm impacted much of northwest Oklahoma in March 2009 with accumulations of approximately 60 cm.
In addition to heavy snowfall events, dangerous ice storms also occur in Oklahoma. A climatological study of ice storms from 1949 to 2000 by Jones et al. (2002) estimated the 50-yr return period for ice storms over much of Oklahoma is 1.9 cm or greater of ice accumulation accompanied with 17 m s 21 wind speed values. Changnon and Karl (2003) revealed that freezing rain events in the South climate district of the United States (including Oklahoma) were most common in December (northwest Oklahoma) and January (central/southern Oklahoma), and that the number of freezing rain days steadily increased from 1985 to 2000.
While winter storms, particularly ice storms, are most frequent in the northeast United States (Changnon and Karl 2003; Changnon 2007) , Changnon (2003) noted that in the southern United States (including Oklahoma) when freezing rain occurred, 1) it was more likely to be catastrophic and 2) the region had the greatest ice accumulations. Rauber et al. (2001) explained that ice storms in the United States are most frequently caused by Arctic cold fronts moving southward as warm, moist air ascends over the front. Rauber et al. (2001) further explained that this process is pronounced in the southern United States because the air is very warm and moist, and that the Arctic fronts typically slow in speed, or even stall. Such conditions can increase precipitation intensity, lengthen storm duration, and produce devastating ice accumulations.
The economic and social costs from high-impact ice storms are compounded due to 1) the infrequent nature of freezing rain events and 2) fewer resources to treat the excessive ice as it accumulates on exposed surfaces, including roads, power lines, and utilities. Call (2010) noted that power outages are the most adverse impact of ice storms because people have no way to heat their homes. In addition, other major impacts of ice storms include transportation disruptions, the shutdown of commercial businesses, and agricultural losses. Changnon (2003) found that in the South climate district of the United States (including Oklahoma), the average cost for catastrophic ice storms, property losses greater than $1 million, occurring from 1949 to 2000 was $78 million (inflation adjusted cost for the year 2000).
Eight ice storm-related major disaster declarations received for the U.S. Federal Emergency Management Agency (FEMA) region VI (Louisiana, Arkansas, Oklahoma, Texas, and New Mexico) in the southern United States in the period 24 December 1964-1 January 2010 occurred from 10 January 2000 to 1 January 2010 and accounted for more than a quarter of the 29 nationally declared disasters during the same period. Conversely, prior to 2000, the region did not experience a single ice storm event that required major disaster status (FEMA 2011e,f ) . Yet, in the most recent decade, eight highimpact ice storms overwhelmed the ability of local government such that disaster declarations were required.
The state of Oklahoma has been particularly affected by multiple high-impact winter events from 2000 to 2010, including ice storms, heavy snowfall, and blizzard conditions. At the same time, when compared to other regions of the United States, the climate of Oklahoma is defined by relatively mild winters. Yet, during the study period spanning 1 November 1999 to 1 May 2010, Oklahoma led the nation with nine winter weather-related major disaster declarations (FEMA 2011b) . From a scientific and socioeconomic standpoint, it is critical to quantify how extreme weather events impact the human populace. As such, to better understand the consequences of the recent high-impact winter weather events in Oklahoma, this study compiled all U.S. National Weather Service (NWS) winter weather reports for the 10-yr period with specific goals to determine 1) the spatial distribution of winter weather in Oklahoma during the study period, 2) whether the events occurred within climatological norms, and 3) the overall socioeconomic impacts, through federal aid expenditures, of the severe, high-impact winter weather events.
Methods
Data for this study primarily consist of two sources. The first is the Storm Data publication (Storm Data), an official publication of the National Oceanic and Atmospheric Administration available from the National Climate Data Center (NCDC). The Storm Data resource contains a listing of storm occurrences and unusual weather phenomena across the United States (NOAA 2011). The second dataset was obtained from FEMA and was used to identify regions affected by high-impact storms and to determine a baseline for economic impacts from each event.
a. Storm Data
All offices of the U.S. NWS relay confirmed winter weather reports to the NCDC for their county warning area (CWA), the specific geographic region for which each office is responsible for issuing forecasts, advisories, and alerts. The NCDC then archives and publishes this information in a monthly publication called Storm Data. The NWS classifies winter weather into five different categories: ice storm, blizzard, winter storm, heavy snow, and winter weather (NWS 2011b; Table 1 ).
All winter events from 1 November 1999 to 1 May 2010 were manually archived from Storm Data. Information such as date, time, counties affected, storm type, and event summaries were recorded from Storm Data. With few exceptions, one storm report corresponded with one storm event (e.g., one ice storm report corresponded with one ice storm event).
b. FEMA datasets
With the passage of the Open Government directive (Orszag 2009 ), FEMA posted three datasets: FEMA Disaster Declarations Summary, FEMA Public Assistance Funded Projects Summary, and FEMA Hazard Mitigation Program Summary (FEMA 2011a,c,d) . When a federal disaster is declared, states may apply for monetary aid from the federal government to offset costs involved with recovery and prevention (FEMA 2011g). Although the approval for major disaster status is mainly influenced by the severity of the event, there is some debate as to whether political considerations are a factor in the major disaster declaration process. For example, Sylves and Bú zás (2007) suggested that federal disaster status may be politically influenced. However, Salkowe and Chakraborty (2009) found that no significant evidence exists that the disaster decision-making process is politically influenced. Thus, while the disaster declaration process may not be completely immune from external geopolitical influences, it is a relevant, critical metric that is publicly available by which to distinguish catastrophic events from those that are not.
Federal aid received from disaster assistance can only be used for public infrastructure repair, such as rural electric cooperatives, roads, bridges, water treatment plants, parks, and debris removal (M. Ooten 2009, personal communication). Although only a fraction of total losses is covered by federal aid, it is a reliable baseline for total storm losses, and associated socioeconomic impact, in a region. The federal aid disbursed in a particular region is a solid indicator of the inability of the local tax base to bear the losses resulting from high-impact events. Using the consumer price index, all losses were adjusted for inflation to 2010 dollars (Table 2) .
1) FEMA DISASTER DECLARATIONS SUMMARY
The FEMA Disaster Declarations Summary (Declaration) dataset lists all declared major disasters since 1950. This dataset includes the unique disaster number, dates of declaration, dates of incident, and names of counties affected.
2) FEMA PUBLIC ASSISTANCE FUNDED PROJECTS SUMMARY
The FEMA Public Assistance Funded Projects Summary (PA) dataset lists all of the money disbursed by the federal government due to major disasters. The PA funds offset costs to public property and interests, and do not include funds distributed by private insurance companies. Further, the PA dataset lists how federal aid was disbursed by agency, organization, declaration number, and county.
3) FEMA HAZARD MITIGATION PROGRAM SUMMARY
The FEMA Hazard Mitigation Program (HM) dataset lists money disbursed by FEMA to pay for projects that will help prevent future damages from occurring. This dataset lists total costs of a project, location of project, and disaster number associated with the project.
There are additional forms of disaster assistance available to U.S. citizens following a disaster declaration, such as individual assistance, which can provide housing assistance to displaced victims, as well as small loans to help cover uninsured losses (FEMA 2011g) . Although these additional federal funds are associated with a disaster event, the allocations were not publicly available for this study and were omitted. However, the three publicly available FEMA datasets (Declaration, PA, and HM) were used to analyze spatial patterns of major disasters in Oklahoma, as well as economic impacts on the state. Costs associated with the PA and HM datasets were combined to determine the total public costs associated with the winter weather disasters during this study. Because all of the data sources for this study reported locations by county, the spatial resolution of this study is at the county level. There are several cases where funds, sometimes considerable amounts, disbursed by the federal government were distributed statewide, as opposed to an individual county. These statewide disbursements were omitted from the county analysis but were included when calculating overall total costs.
Results and discussion

a. Storm data analysis
The FEMA datasets demonstrated that nine major disasters were declared for Oklahoma due to winter weather-related conditions during the study period . In addition, the nine declarations were the greatest number of any state in the United States during the period. The counties with the most disaster declarations were oriented southwest to northeast and include southwest, central, and northeast Oklahoma (Fig. 1) .
In terms of individual storm reports, from 2000 to 2010, the highest concentration of total winter reports occurred in north-central Oklahoma and the lowest concentration occurred in extreme southern and southeastern Oklahoma (Fig. 2) . Biases in reporting, due to population, were nonexistent as the correlation between total storm reports and population yielded an R 2 value of 0.01. For individual storm types (Fig. 3) , ice storm reports were primarily concentrated in a southwest-northeast orientation, including much of southwest, central, and northeast Oklahoma. This ice storm pattern was significant because the state's four most populous cities (Oklahoma City, Tulsa, Norman, and Lawton) were located within this region. Heavy snow was most frequently reported in the 
Oklahoma Panhandle, while the winter storm category was most frequently reported in north-central Oklahoma. Blizzard reports, although few, were primarily located in the western half of Oklahoma. The patterns for blizzard and ice storm reports, arguably the most severe winter storm types, were spatially continuous throughout the study area. However, a reporting discontinuity between NWS CWAs was evident between the Amarillo CWA and the Norman CWA for the heavy snow and winter storm classifications. Another reporting discontinuity occurred, as winter weather reports were mostly confined to the Norman CWA and were virtually nonexistent in both the Tulsa and Amarillo CWAs. To account for this pattern of reporting, all winter events (from 2000 to 2010) were replotted without the winter weather reports to improve the overall consistency between NWS CWAs.
The temporal analysis of the winter events during the study period revealed that December and January received the most winter reports, while the overall frequency of the reports were winter storm (35%), heavy snow (26%), ice storm (16%), winter weather (20%), and blizzard (3%). For particular classifications, ice storms were most frequently reported in December, while winter storm and heavy snow were most reported in December and January.
To better understand the frequency of these high-impact winter events, total winter reports (minus winter weather 52 reports) were normalized with the number of major disasters declared (Fig. 4) . The results yielded that southwest Oklahoma had the lowest ratio of storm reports to disasters (as low as 2.2 storm events per declared disaster), while northwest Oklahoma had the highest ratio of storms to disasters (as high as 22 storm events per declared disaster). Overall, the minimum number of storm reports to disasters was located in a southwest-northeast orientation across southwest, central, and northeast Oklahoma with much of southwest Oklahoma averaging three or fewer storm reports per declared disaster. Further, the ratio of ice storm reports during disaster declarations to total ice storm reports (Fig. 5 ) demonstrated that at least 50% of the ice storm events yielded a disaster for nearly 70% of all Oklahoma counties (more than 80% of the population). Thus, while not as frequent, when ice storm events occurred, they were usually associated with disaster-related conditions over widespread regions that impacted significant portions of the population. By comparison, the ratio involving the combined blizzard, heavy snow, and winter storm reports demonstrated that while such events often encompass large areas, generally less than 30% of the events would yield a disaster (Fig. 5) . When considering total winter reports, one of the most noticeable patterns was the discontinuity of reports between NWS CWAs. For example, the discontinuity was evident in the heavy snow and winter storm reports and was especially noticeable with the winter weather reports. In this case, the reporting discontinuity may be due to the preferences of the local NWS office. Given the overlap of heavy snow and winter storm criteria, it is possible that the Norman NWS office prefers winter storm over heavy snow, especially because it is valid for multiple precipitation types: snow for heavy snow and either snow or sleet for winter storm. Another possible reason for the discontinuity of winter storm and heavy snow reports was based on the local, physical conditions. The more frequent heavy snow reports in the Oklahoma Panhandle may be due to a common storm track known as the Panhandle Hook, a type of cyclone that develops in the Oklahoma and Texas Panhandles and typically deposits heavy snow just to the north of its track as it 54 moves northeast (NWS 2011a). The higher elevations in the Oklahoma Panhandle also contribute to more frequent snow events as opposed to mixed precipitation events. The specific discontinuity of winter weather reports also suggests a difference in reporting preferences of the local NWS office. For this study, winter weather reports were virtually nonexistent in the Tulsa and Amarillo CWAs and were largely included within the Norman CWA. Winter weather reports typically reflect minor winter precipitation events, and local NWS forecast offices may not consistently report these low-impact events. Branick (1997) noticed reporting inconsistencies in a nationwide study of storm data and concluded statewide inconsistencies were possibly due to personnel at local NWS offices that have different standards of reporting.
b. Climatological considerations
Within broader climatological considerations, the study period was characterized by an anomalously greater number of significant winter-weather events. Changnon (2006) showed that for Oklahoma City (Oklahoma County in central Oklahoma), the 2-yr return period of a snow event was approximately 10 cm of snow. Over the study period (2000-10), Oklahoma County reported 15 heavy snow and winter storm reports, each with a minimum threshold of 10 cm of snowfall. While the winter storm category could be reported solely because of sleet, it is still reasonable that many, if not all, winter storm reports met the snowfall criteria of 10 cm of snowfall. As such, Oklahoma City experienced a 2-yr event more than once a year. Further, every county surrounding Oklahoma County also experienced at least 10 heavy snow and winter storm reports during the study period, which indicates that the local region exceeded climatological norms for significant snowfall (2000-10).
However, for all winter weather events, the results of this study noted that ice storms produce the greatest frequency of disaster conditions. During the study period, such events were most frequently reported in a southwestnortheast orientation across the central portion of the state. Such occurrences were critical given that 80% of Oklahoma's population resided in counties that recorded four or more ice storm reports and more than 40% of the population resided in counties that recorded five or more ice storm reports.
Climatologically, the entire South climate district of the United States (including Oklahoma and surrounding states) averages 5-6 catastrophic (.$1 million) ice storms per decade (Changnon 2003) . Storm reports during all winter-related disaster declarations (2000-10) revealed that seven individual counties within Oklahoma experienced four or more catastrophic ice storm events during the study period. As such, some individual counties in Oklahoma experienced nearly as many catastrophic ice storms in the past decade as should impact a region that spans the entire South climate district of the United States (Changnon 2003) . Further, Changnon (2003) noted that over the period spanning 1949-2000, the entire state of Oklahoma experienced 11 catastrophic ice storms or approximately 2 per decade. Conversely, more than half of all Oklahoma counties experienced between two and five catastrophic ice storms, measured by ice storm reports during disaster declarations, during the study period (2000-10) . FIG. 4 . Ratio of total winter reports (minus winter weather) to major disaster declarations.
Similar to ice storm reports, blizzard reports were continuous across the state, further demonstrating that the highest impact storms were consistently reported between NWS forecast offices. Because blizzards include a wind criterion and climatologically stronger winds are located across the western portion of the state (OWPI 2011), such reports were generally isolated to the western half of Oklahoma. Schwartz and Schmidlin (2002) analyzed blizzards across the United States from 1959 to 2000 and noted that during that 40-yr period, only northwest Oklahoma experienced any blizzards; approximately 10 blizzards were reported in the Oklahoma Panhandle and up to 3 in the northwest quarter of Oklahoma. However, from 2000 to 2010, the counties with the most blizzard reports were not located within the panhandle region but across central and southwest Oklahoma. Such results were significant given that the southwest quarter of Oklahoma, a region that climatologically experienced no blizzards within the Schwartz and Schmidlin (2002) study, had more blizzard reports within the study period (2000-10) than the entire 40 yr previous . Further, when compared to the Schwartz and Schmidlin (2002) climatology, as many blizzard reports occurred during the study period (2000-10) over the northwest quarter of Oklahoma as were recorded over the previous 40 yr .
c. FEMA analysis
Although Oklahoma typically experiences fewer winter storms than other regions of the United States, the occurrence of high-impact storms, as defined by disaster declarations, were numerous during the study period. FIG. 5 . Ratio of (a) ice storm reports during disasters to total ice storm reports and (b) blizzard, heavy snow, and winter storm reports during disasters to total blizzard, heavy snow, and winter storm reports from 1 Nov 1999 to 1 May 2010.
The areal coverage of these high-impact events was large: the average winter-related disaster encompassed approximately 45% of the 77 counties in Oklahoma, while the largest encompassed nearly 85% of all counties. Further, more than 60% of Oklahoma's population resided in counties that had at least five declarations during the study period and half of all Oklahoma counties were declared disasters at least 5 times. Within a larger perspective, from 1 November 1999 to 1 May 2010, such frequent local occurrences were greater than those for 43 entire states in the United States. The total aid (PA & HM) allocated to the state of Oklahoma resulting from these disasters was approximately $800 million ( Table 2) .
The purpose for gauging high-impact winter storms using disaster declarations (and allocated federal resources) is that it serves as a reliable baseline for estimating monetary damages and overall socioeconomic impact associated with these storms. While the total monetary disbursements to Oklahoma from FEMA totaled nearly $800 million, the most populous counties, Oklahoma and Tulsa Counties, received the most monetary aid from the federal government when compared to other counties in the state. Whereas 49% of Oklahoma's population resides in five counties (each with a population of more than 100 000 residents), these counties only accounted for 30% of federal disbursements due to disasters. As such, 70% of federal funds were disbursed to the remaining 72, more rural, counties (which included 51% of the population) during the winter weather disasters. Thus, when associated disbursements were normalized to population, the highest cost per capita occurred in rural counties outside of the main population centers. Statistically, counties in the upper 50th percentile of disbursement per county ($$142 per capita) accounted for 25% of the population and counties that had higher than the 75th percentile ($$284 per capita) accounted for only 10% of the population.
The allocation of federal resources in this manner demonstrates that although the most populous counties received the greatest sum total of funds, the rural locales were most impacted by the high-impact winter storms and required more aid per given population base due to prolonged impact on local infrastructure. The results are consistent with Call (2010) , who noted that rural regions are more likely to suffer from prolonged power outages because utilities initially focus on regions with higher numbers of customers. In addition, rural counties are less likely to have the resources (personnel and updated technology) of more populated counties. Thus, when a widespread, high-impact winter weather event occurs, rural areas require more external assistance than the local tax base can accommodate. As these rural populations grow and communities develop, this will further increase their vulnerability to high-impact storms and potentially increase the costs that the local tax base must be able to accommodate.
For the study period, the highest cost per capita of federal funds due to disasters is located across the southern half of Oklahoma, particularly southwest Oklahoma, which was also the region of some of the lowest storm report per disaster ratios. As such, southwest Oklahoma, which was largely rural, was particularly vulnerable to the frequent, high-impact winter events that occurred during the period and relied on increased external sources to assist with recovery.
Conclusions
Oklahoma led the nation with nine winter-related disaster declarations during the focus period of this study (1 November 1999-1 May 2010), which accounted for nearly $800 million (U.S. dollars) in total aid from the U.S. federal government. When compared with past climatological analyses, the number and intensity of the high-impact winter weather events was anomalously large across most of Oklahoma and particularly over southern and central portions of the state. For example, central Oklahoma experienced, on average, a 2-yr snow event (Changnon 2006 ) nearly every year, while southwest and central Oklahoma experienced as many or more blizzards during the study period than over the previous 40-yr period from 1959 to 2000 (Schwartz and Schmidlin 2002) . In addition, at least half of all Oklahoma counties reached or exceeded the 10-yr statewide, climatological average of catastrophic ice storms (Changnon 2003) . Such ice storm events were particularly devastating across much of southern, central, and northeastern Oklahoma, and the results of this study demonstrated that statewide approximately 50% of all ice storm reports occurred during disaster declaration periods. Because the number of ice storm events was anomalously large and encompassed large spatial areas during each event, the impacts frequently occurred in less prepared regions.
The devastating socioeconomic impacts of these winter weather disasters was, in part, revealed by the federal aid distributed to regions across the state. The spatial distribution of the aid revealed that, while the two most populous counties received the most monetary aid, overall the rural counties 1) received the majority of federal aid from the disaster events and 2) yielded greater per capita cost than the more populated counties. Thus, rural regions, with fewer resources at their disposal, were more impacted by the high-impact winter weather events and required more assistance from outside resources.
